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RESEARCH MEMORANDUM

IRVESTIGATION OF THE PERFORMANCE COF A
20~INCH RAM JET USING FREHEATED FUEL

By Kugene Perchonok, Fred A, Wllcox
end William E. Sterbentz

SUMMARY

The performance characteristics of a 20-inch ram jet designed
at the NACA Cleveland laboratory and operated with preheated
unleaded (62 octene) fuel in the Cleveland alti tude wind tumael are
presented and analyzed.

The results of this investigation indicated an improvement
in the combustion efficioncy and operating range of the ram jJet
whon using prehcatod fucl. Concomitant increcses were obtained in
the temperature ratlo across the umit, tho over-all efficlency, and
the not thrust. At a free-strcam Mach number of 1.20, & combustion
efficiency of 84 percent and an over-all efficlency of 8.13 perccnt
were obtained. Sufficlent heat could be recovercd from the ram-jet
shell to prcheat the fuel to the desired fuel injection tomporature.

INTRODUCTION

As a part of the gensral program to evaluate and lmprove the
performance of the ram-jet engine, a serles of sxperiments are being
conducted at the NACA Cleveland laboratory toc determine the per-
formance Iimprovements that might be obtained by the use of vrekeated
fuel. It was anticipated that vreheating and the resulting flash
vaporization of the fuel as it left the fuel injlector would imnrrove
mixing of the alr and fuel and incresse ths rabte of flame prope-
gation. Improved combustion and ovey-all efficiencies wcuwid like-
wlee be expected.

Two methods of preheating the fuel are discussed: a regocnerative
heating system In which the fuel was clrculated through coils around
the combustion-chamber sholl; and, to expedite the research, a
system wilth an external heat source preheating the fusl, The regcn-
crative system also cooled the combustion-chamber shell. The
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pexformance of the ram Jet using preheated fuel is commared with
the performance presented in reference 1 for a similar ram Jet

operating under the same condltions using unheated fuel.

APPARATUS AND PROCEDURE

The performence characteristics of a 20-inch ram jet were
investizated in the Cleveland alt‘tude wind tunmel over a wide range
of cperabting conditions. The general arrangement of the ram jeh
in the tumnel (fig. 1)} was similar to that of reference 1. The unlt
was mounted in the test sectlon below & 7-foot-chord wing, which
wag supported at its tins by the wind-~tunnel balance frame. Dry
refrigerated alr at approximaiely etmosvkeric pressure wus surplied
directly to the ram jet through & pipe from the wind-tunnsl make-up
air duct and was throtiled to provide the desired diffuser-inlet
total pressure. The tall nczzle cxhausuved diwvectly into the wingd
tunnel, the pressure of which waza variad to chtain different values
of ram-pressure ratlo acrose the wmit, A eealed alip joint insertod
between the ram pipe and the dif‘use; inlet afTorded frec movgmcnx
of the modsl. :

The ram Jet had & conlcal diffuser with an 8° inclvded angle,
a l4-inch-dlameter inlet, and = Z0-inch-diameter exit. The combustlion
chambor was 20 inches in diamester and 12 -feet in length. An oxhaust
nozzle, 2 feet long and with & 17-inch-dismoter exit, was flanged to
the combustlon-chamber exit. The cambustion chamber end cxhaust

nozzle were mode of %-1nch Inconel and were wrapped wilth %~inch copper
tubing for fuel preheating and sholl coollng.

The colls were arranged to allow variation in the lengtn of
the fuel path in order to faciliteto fuel-temperaturo control avor
& wlde range of fuel flowa. A achemntic disgrem of the regenerative
fuel-prehoating and shell-cocling systen is shown in figure Z.

A flame holder and a fuel injector wero used in thls invostl-
ganion. Tho fleme holder (fig. 3) consieted of threo egqually spocod
50° V'e of 4-~inch chord inserted with the vortices upstream. Tho -
cold statlc-preseure drop of the flame holdcr was 1.2 times the
dynamic pressure at tho ccombustion-casmber inlot. Thé faol injochtor
conelgted of seven oqually epaced %-inch gtoal tubes crranged in on
80" V pattern (fig. 4) with the V bose 5 inchos downstroum of the
diffuser inlet. Sixty-cight No. 70 holes wero drilled in tho upstroam
gide of the fuel bars. Theso holece woro equally spaccd along tho
govon bars. No holes were drilled within 2 inchas of the diffuser
wall. Four additional fusl bars installed In the system were not
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used In this investigatlon. A gas pilot cone and modified spark-
plug combination (fig. 5) was used for ignition.

The 90-percent point for the unleaded 62-cctane fuel (AN-F-22)
occurred at 202° F on the A.S.T.M. distillstion curve (fig. 6).
The Reid vapor pressure for the fusl 1Is 7 pounds per square inch

gage.

The fuel systen was deslgned to provide a fuel flow of
00 novnda nmar honr at 5 Fuel intection temmeratnre of 3002 B amd
300 pounds per hour at s fuel injection temperature of 300Y F and
minimm fuel injsction pressurs of 100 pounds per square inch

Zags.

[92]

it

A number of experimente were made establishing the feapibility
of using heat from the ram-Jet shell to praheat the fuel. The
syaten savisfactorily preheated 4000 pounds of fusl per hour to
300Y F. For a wlde range of fuel flows, however, frequent changes
in the length of the fuel prehesatling path were reguired. Conse-
gquently, an extermal hsating scurce wae substituted for the regen-
erative fuel preheating system tc expedite the reseasrch. A com-
mercial heat exchanger using seturated steam at 100 pournds por
square inch gage wae used to heat the fuel. The fuel tomperature
was controlled by varying the steam flow through the heet oxchanger.
This system (fig. 7) gave fuel termperatures as high as 250° F over
e wide range of fuel Tlowa. When tho exteornal hoat exchanger wes
used, cooling wator was circulated through the coppor colls wrappod
around the shell. No differontiation is made in the data with
regpoct to the mothod of fucl prohcating uscd when the data wero
taken.

Tho alr flow through the unit was calculated from measurcnwnts
of total pressures, sbatic pressuros, and indicatod temperatures
obtainod with a survey rakc mounted at the diffuser inlet. The fuol
flow was measured with & rotamotor and coaling-watcry flow was
measurcd with a commercial wator meter. Thrust was calculated (as
outlined in rofcorence 1) from force mocasuromsrets cbbained with tho
wind -bunnocl scalo systeon.

At pressure altltudes ranging from 6000 to 24,500 fcob, the
ram~prossurce ratio across the unit wasg varied to tho maximm attain-
able at sach altltude., The fuel-alr ratlc was varied from $.042 +o
0.098 end the fuel injection temperature was veried from 100° to
250° F, The ram-jlet inlet-air temperature was maintained at
10° £10° P for all conditions.
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SYMBOLS
The symbole used are defined as follows:

crogs-sectional ares, square Teet
oFp

net-thrust coefificient, ——
7uRofsMo

jet thrust, pounds

net thrust, pounds

fuel-alr ratio

Mach number

statlc pressure, pords per equare foot abgolute

Troe-gtroom ambient pressure, nownds per scuare oot abaoclute
total temperature, “R

velocity, foet pexr second

alyr flow, povnds poer second

fuel flow, pounds pér seddnd

ratioc of specific heat at constant mressvre to speciilc keat
&t congtamt voliume

ratlo of absolute tunnel ambient —resmgure Lo abeoclute statlic
nreseure &t NACL stanfard atumosdheric conditions at ased
level, pp/2118

over-all efliciency, mercent

combustion efficlency, percomb

idoal over-zll efficlency, percent

P

ratio of abacluse total tomperature ot ezxbaveshi-ntizle exlt
t¢ absolute sbatic temmerature ot MieCa standocrd astmeaspherlc
conditions =t see lovel, Ty /518

ratio of absolute total teuperature abt exhrvet-bozzlo exlh
to absolute total tomperaturs at diffuser inlet, T4 /Ty

GONNERSiie



WACA RM No. EBI23 OIS 5

To ratlo of absolute total temperature at exkaust-nozzle
exit o absolute total temperature at combustion-
chember inlet, Ty /Ty

Subscripts:

o equivalent free-stream condition

L station 1, diffueser iniet

2 station 2, diffuser exit and combustlion-chamber inlet
3 station 3, cumbustion-chamber exit

4 station 4, sexhaust-~nozzle exlt®

3 ultimste exbaust-jet condition (p; = Dy}

Performance paramsters:

FJ/S Jet thrust reduced to NACA standard atmospheric con-
ditions at sea level, pounds

Fpn/d net thrust reduced to NACA standard atmospheric con-
ditions at sea level, pounds

Moo/ To combustion-chamber-inlet Mach number parameter

Vs,

?;w/eé reduced gir-flow parameter, pounds per second

VpTp 3600 )

———— reduced fuel-consuwption paramester, pounds per hour

S04 .
550 Wf 36800 . .
V net~power specific fuel consunption, pounds ner
8] horsspower-hour

RESULTS ARD DISCUSSION

Preliminary work at sea level and a low ram-pressure ratio,
1.1, showed that the prehested fuel was flasking inbo vapor upen
injection inbo the alr stream. The fleme was sezted on the flame
holder and showod no tendency Ho flash back to the Tuel inJectoer.
The flames more completsly £illed the combustion chember and were
ghorter than when the fuel was unheated. Visual observations indl-
cated that it was posgible to reduce the fuel Injection tewmperaturc
from 300° to 200° F and the minimm fuol. injection pressure Tfrom

LI,
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100 to 50 pounds per square inch gage without merkedly chanzini the
combustion characteristlica. Circulatlon of the fuel through the

so1ls made continuous operation poeeible at stoichiomebric Iuel-air
ratios without overheating the portion of the shell covered by the ) .. L
onila, : -

The data for the ram jet overating with preheated fuel in the
altitude wind tunnel have been reduced and correiseted by the methods
discusged 1ln reference 1.

_ The improvenent in cambustion efflclency ackieved by vpreloating

the fuel 18 shown in figure 8. 4YWhe curves are arproximake envelopes

of the combustlon-efficiency data mresonted in figurse 9 for nre-

heated fuel and in refersnce 1 {fig. 28(%)) for unheatod fuel. On

the averagc, by increasling tho fuel inltectlon tomporatiwe I

40° to 200° F, the maximm cowbuvetion offlsiencios atieined wero S
increased by about 10 percent and the minimum combustlion efficiencies

obtained were increared by asbout 27 nerient. This lmproverent in

corbustion efficiency is achleved hecause the furel-vamcrizaztlion time »
18 reduced and a betber fuel-cir mixture Ig cbtulned by wreheaiting o
the fuel. The combustion officisrcy immroved with fuel-alr raitis to
& maximm between fuel-air ratios of 0.74 snd 0.06 with elther hoated
or unheated fuel. Further increasge in fuel-air ratio markedly
decreased the combustlon efficiency.

The combustion-sfficiency data for prehoated fuel are plotted
ageinst fuel-air ratio in figure 2. The nwrbers oprositae each point
indicata the values of cther verishles thought to influence tke
combugtion efficlency; namely, cowboustlon-~chanmber irlet static . . L
DresEure Dps, combustion-chamber-inlet Mech number Mp, and com- ' ' o
bustion~chariber-exit static prossure (smbient stetic pressurc) Do-
The combmstion-cheanber-inlet toermerature was held constoant for this
Investigation. The method by which the datz were taken mokes 1t
difficult to separate quentitetively the offoct of ecach of the
variablos on combustion efriclemcyr. In gemeral, howcver, an incroaso
in combustion-ckamber-iniet Mach numtber or o decrease in the combustion-
chamber static-pressure level resulted in a desrezse in comhustion
efflclency. '

A calcoculation of the apvroximete heat loss through the rom-Jet
gkell was made from mecsurements aof the flow robe anl ths terperature
riee of the cooling water. Cn the aveoroge, tae cocling water zbsorbed
approximrtely 3.3 porcernt of the lower hecting value of the fuel. The
heat losses through tite ram-}st shell wore ot includcd in tho calou-
letions of the combustlon efficiency. I thome heat losses were
included, the combustion-efficlency values would be approximftcly
3 percent higher than ryeporuod.
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The gas total-temperature rise T4 - T2 during combustion of
heated fuel and unheated fuel is shown in figure 10 as a function
of free-stream Mach number Mg. Figures 10(a) and 1C(b) can be
uged as an indlcation of the general temperature trends, for they
both cover approximately the same altitude and fuel-air-ratio range.
At low Mgy the combustlon temperatures were much higher with tise
heated fuel than with the unheated fuel. At Mgy values near 1..00,
the combustion temmeratures with heated fusl were slightly highor
than with unheated fuel. Because of the improved combustion effi-

clency, however, these temperatures were attained at lower fuel-air
ratios with prehecbted fuel than with unheated fuel. The effect of
preieated fuel on the range of Mg cobtainable with this ram-jet
configuration can be observed in figure 10. The maximmm M, roached
before blow-out with preheated fuel was 1.23 as compared with 0,96

with the unheatod fuel as reparted in roference 1.

The greatest combustion-chembecr-inlet velocity Vs at which
the unit was operated using prelisated fuel was 151 feet per smocond.
This velocity was measured at a pressure altitude of 24,400 foet
whon the unit was operating under choking conditions at the nozzle
(Mg = 1.20). When using unieated fuel (reference 1), the greatest Vp
at which the same unlt was operated was 164 feel per second at &
pressure altitude of 20,000 feet and an My of 0.94. These veloc-
ities are not the limiting combustion-charbsr-inliet veloclity Jox this
burner; when 1t was operated using unheated fuel in & yvam Jet with
& S-foot combustlon chamber and a 17-inch nozzle exit, a maximm Vp
of 196 feet per second was obtained. (See reference l.) Any dif-
ference in Vs, for the same exlit nozzle and approximately the same
Mo +value, 1s & result of the dependence of Vo, <for approximately
constant Tp, on T4. {See equation (22), reference 1.} The
combined effects of Iincreased combustion-chember length and fuel
Preheating are an Increase In T; and a resulting decrezse in Vi.

F. F
Tho variations with Mg of the paremoters -2, Fy, 2 op,

&
¥, Wem, 3600 550 We 3600
HoN Ta, M3, 38"‘\’94: ST 7 My —EN, W and
4

are sghown in figures 11 to 22 for the englne operating

550 Wy 3600

FrVo . .
with preheatod fuel. The dlfferonce in performence between using
unheated end prekeated fuel can be obtained »y comparing those
Timgures with the related flgures in reference 1. The differonces
in performance are & resgult of the differences in ths temperature
ratic Ty, (Tg/T;). Some of the differonces are due to variations
in specific heats snd momentum pressure drops, which accompany
changes in Tq. (See reference 2.)

TR IE—
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The maximm value of jet thiust F 3 developcd by the ongline
roduced to NACA standeord atmosphoric comditicorms et son leve)l F 3 /8
vas 5517 pounds at Mp = 1,23 (fig. 11). The actual values of Fy
measured and the approximate altitudes at which these deta wore
obtained van be determined from figure 12, The pressurc-altitude
corrtourae are based on the reduced jet-thrust curve of Ffilgure 11.

At a given Mg, 1If the tomperature ratic T7 wes maintelined
congtant, the net tkrust 'Fpn would not be affected by prehocating
the fuel. The maxirmm net thrust devoloped by the ram jot roduced
tc NACA standard atmospheric conditions at sea lovel Fn/B Wwoes
3375 pounds at Mg = 1.23 and Ty = 6.9 (fig. 13). Tho cffocts
of Mg and T; on the not-thrust coefiicient Cp erc shown in
figore 14. The maximm Op wos 0.856 at Mg = 1.25 amd T = 6.2,

The maximum ovey-all efficipncy . 1 attalned in this invoetl-
gation was 8.13 percent at My = 1.20 mrd my = 64 percont (I:g. 21).
The corvesponding actual netipowor snecific fuel consuription wos
1.65 pounds por horsepowor-hour (IZigz. 22). Tho corbustion-ofiiclency
contours are approximate in thet the effect of variations of Ty are
not includod. o '

Ag proviously indicated, the cooling water absorbod wpnroximatsly
3.3 percent of the lower heating veluo of the Tuel. Only 0.5 percont
of the lower heating value of the fuel is required to ralse the fuel
temperature from 40° to 200° F. This margin would permit the use of
a regenerative fuel preheating system with & combustion chamber
shorter than that used in this investigation. o

SUMMARY (F RESULTDS

From en investigation of the performance of a 20-inch ram Jet
with & 12-foot combustion chsmbor end a 2-fooh exhaust nozzle
17 inches in dismeter operating on prehsated unleaded (62 cotene)
fuel and from data obtained in an earliler investigation with a
similar configuration and the seme fuel, the followlng resulte were
obsosrved:

1. The combustion efficlency of the rem Jet was lmnroved oy
the use of proheated fuel. When the fuel injection temperaturc was
increased from 4C° to 200% F, the combustion officlencles were
genorally increased approximately 10 percent.

2. Tho higher combustion efficicncy attained with preheated
fuel resulted in an inecrease in ovor-all efficlencies, tomperature
ratics, net thrusts, and net-thrust coefficlcnts as comparcd wlth

GO
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those attained wlth unheated fuel., The maximum over-all efficiency
attained was 8.13 percent at a free-gbream Mach numbor of 1.20 and
a combustion efflciency of 84 percent.

3, It was posaible to recover sufficient heat from the
combustlon~chamber shell and the nozzle shell to raise the fuel-
injection temporature frcm 40° to 200° F., TFor these conditlons it
is necessary to add to the fuel the egulvalent of 0.5 porcent of its
lower heating wvalue. The shell relected at least 3 percent of the
riginal lower heat content of the fuel. Thls margin will permit
the use of a regenerative fuel preheating system with a shorter
combustion chamber than the one used in this investligation.

Ailrcraft Engine Resesrch Laboratory,
Natlonal Advisory Committes for Aeoronautica,
Cleveland, Ohlo.
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Fiéure 1. - Installation of 20~inch ram jet with |2-foot combustion chamber and |7-Inch
‘"diameter exhaust nozzle in altitude wind tunnel for preheated-fuel investigation.
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NACA
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Figure 3. - Three-v flame holder for 20-inch ram jet using

preheated fuel.
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Figure 4. - Instailation of four-tube and seven-tube fuel injectors In diffuser of
2Q0-incn ram jet,
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Figdtre 5. - Gas pilot cone and modified spark piug used
initiate combustion in 20-inch ram jet.
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Figure 6, A.S.T.M. distillation curve for unleaded 62-
octane fuel (AN-F-22).
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